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SUMMARY

l-'/'l'his is the seventh and final Annual Report on this research project
entitled, "Crack Tip Plasticity Associated with Corrosion Assisted Fatigue."
The objective of this program has been to examine the effect of environment
on the deformation response of the material near the crack tip —the plastic
zone —and from that response, determine the effect of environment on fatigue
crack growth.

The results described in this report were obtained using essentially
two techniques: the relatively new technique stereoimaging, coupled with
the use of a cyclic loading stage for the scanning electron microscope,
and the now standard technique of electron fractography, using the SEM.
The effect of environment on aluminum and titanium alloys was determined
by analyzing cracks grown in both moist and very dry environments.

The principal focus of this year's experiments has been on‘iaq
aluminum alloy MA-87, which has about the same chemical composition as the
ingot alloy 7075-T651, but is manufactured by powder metallurgical tech-
niques.

The focus of the analytical effort this year has been on completing
the analysis of the 7075-T651 data, begun last year, analyzing recent MA-87
data, and comparing the results for these two microstructurally different
materials. Considerable emphasis has been placed on utilizing these ana-
lytical results in models for crack growth. While the modeling efforts
were limited, some progress has been made. The analysis of the titanium
alloy data is not yet complete; thus, it will be presented in the final
summary report.

This report is a compilation of 4 manuscripts which are in review
at varjous Journals, together with Appendices of some of the data from
which the analyses were derived. Together they form a complete record of
the work done on this project in the past year, and provide readers with
both our interpretation of results and data from which other interpreta-
tions may be made.
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I. INTRODUCTION

Models for describing the rate of growth of fatigue cracks have been
developed through either of two fundamental approaches. The first is
empirical, and consists of modifying the correlation between crack growth
rate and cyclic stress intensity factor to include factors such as the
threshold stress intensity, mean stress, crack closure, and net section
plastic strain.

The second, more basic, approach is the formulation of a cycle-
dependent criterion for crack advance based on either hypothetical, or
experimentally determined, crack tip micromechanics. Most current micro-
mechanical models are theoretical, since it has been a difficult experi-
mental task to measure the strains and crack opening displacements right
at the crack tip. Measurement methods, typified by the Moire fringe[]]
(2]

and strain gage techniques, have been capable of measuring strains to
within only about 100 um of the crack tip. To make measurements at higher
resolution, we have developed a technique which, for the first time, per-
mits the assessment of local crack tip in-plane displacements.[3] as well

as direct, high magnification observation of fatigue crack growth under

dynamic cycling conditions.[4] This paper reports on observations and

measurements made using these techniques, and then utilizes this informa-

tion in a model for crack growth which excludes any environmental effect.
Although fatigue crack growth is known to be altered by environment,

it has been impossible to include this factor in theoretical models be-

cause of a lack of information on how the parameters needed to describe




crack growth are changed. This paper examines how water vapor alters the

micromechanics of fatigue cracks and incorporates this'information into

an analytical model. The more fundamental questions of how and why this

environment affects these alterations remain unanswered.

Results from experiments with the ingot aluminum alloy 7075-T651
are presented here. Similar work was also carried out on a chemically
similar, but microstructurally different, powder metallurgy alloy, and

those results are presented in a companion paper.
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II. APPROACH

A. Material

Commercially produced 7075-T6 aluminum alloy of thickness 6 mm was

S saEEi o

used as-received for this study. Grain shape in this material was very
anisotropic, typical of wrought sheet aluminum products. Grains were
approximately 130 x 60 x 18 um (length, width, thickness), with the
Jargest dimension oriented in the rolling direction. The material con-
tained numerous large intermetallic inclusions. Tensile yield strength

was 508 MPa.

B. Experimental Technique

Specimens 54-mm long, 20-mm wide and 3-mm thick were machined from
the sheet, with the long dimension in the rolling direction. To create a
surface texture, and reveal grain boundaries, modified Keller's reagent was i
used as an etch. Fatigue cracks were nucieated from a starting saw slit
and grown at 5 Hz perpendicular to the rolling direction with a stress

ratio of approximately 0.2. Both moist and dry environments were used:

laboratory air, of approximately 50% relative humidity at 20°C (~12,000 ppm

water vapor) and either very dry nitrogen (<10 ppm water vapor at 20°C) or

vacuum (1 MPa/10'5 torr). Cracked specimens were subsequently transferred
to a special cyclic loading stage within the scanning electron microscope,ts]

where they could be loaded in a manner identical to that used in the i

1abor§tory. For cracks previously grown in water vapor, photographs were

made only on the first few loading cycles, during which the crack tip

plasticity was the same as in laboratory air. Two observations lead to
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this conclusion: (1) Ialanh'i'H[s:I noticed that striations on the fracture

surface continued to be formed in vacuum for 10 to 20 cycles after trans-
fer from a water vapor environment; (2) we observe that cracks transferred
into the vacuum of the SEM become increasingly blunt after 10 to 20 addi-
tional cycles which is indicative of increased strain at the crack tip.
Cracks previously grown in vacuum or dry nitrogen could be observed
as desired after transfer of the specimen to the SEM, and were on occasion
loaded for hundreds of cycles, during which both videotapes of dynamic
behavior and still photographs of the crack tip region were periodically
obtained. Finally, fractography of typical fracture surfaces was carried
out in the scanning electron microscope. Surfaces were paladium.coated

to enhance resolution.

C. Analytical Techniques

Crack tip regions were photographed at 1000 or 2000 magnification
at minimum and maximum load. The stereoimaging technique was used to both
observe and quantify[3] the near crack tip displacements in the plane of
the specimen surface caused by material response to the change in load.
These displacements were then used to compute[7] three elements of the
symmetric strain tensor: Asxx, Ae

yy
strain increments parallel and perpendicular to the loading axis and the

and Any' These are the in-plane

shear strain, respectively.

D.  Model
The parameters measured during this experimental program have been

brought together in an analytical model of crack growth previously pre-

sented by the authors. The model was designed to describe the physical
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sequence of events which occurred as the crack advanced, in terms of crack
tip mechanics, although it is not yet possible to factor directly into the
model the fundamental metallurgical parameters which describe the behavior
of the material through which the crack is growing. The model presented
is very similar to those previously developed by Antolovich, Saxena and
Chananits] and by Lanteigne and Bailon,[gl but there are several important
differences, which will be discussed.

As a fatigue crack grows, material just ahead of it undergoes cyclic
deformation, during which numerous dislocations move through the material
away from and towards the crack tip, on multiple slip planes. This dis-
location activity causes microstructural damage, which is quantified in
this paper as very locally measured strain. Thus, strain measured on the
scale of 1-5 um is considered to characterize the damage caused by the
advancing crack, which accumulates with each cycle.

Dynamic observations of the crack tip region indicated that crack
growth did not occur on each cycle, at least in vacuum. Crack tip blunting
was observed to occur, and increase in magnitude on each successive cycle,
followed finally by crack advance. This extension sequance was observed
consistently in several powder metallurgy aluminum alloys, but was more
difficult to see directly in ingot alloys. The events accompanying micro-
structural failure and the associated formation of new surface, i.e.,

crack extension, are not yet understood, and are the subject of ongoing

investigation.
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Previously, a number of models of crack tip strain accumulation

were examined by the authors.[10] The analysis to be described here is a

variation of one previously shown to explain experimental observations
most satisfactorily. The principal reasons for choosing this model are:
(1) it postulates a specific failure criterion which is loading parameter- "1
independent; (2) it describes in mathematical terms the physical events
which were observed to accompany crack growth. The model is derived as
follows.

The macroscopically measured crack growth rate da/dN is actually
the summation of a number of microscopic events of crack extension Aa

which occur after a number of cycles ANC, so that

=y

f I ——
ANc
Damage (strain) is presumed to accumulate on each cycle, so that j

8., =
AN 2e, = g (2)

where Asp = the plastic strain range experienced on each cycle by the

element Aa, ANc = the number of cycles to fail the element, and €. =2 |

AK-independent constant. The physical meaning of these parameters is

shown in Fig. 1. The factor 8 in Eq. (2) is used as a weighting factor; !

e.d., B<1 results in considerably more cycles at a given value of crack

tip strain than if 821. This equation is of the same form as the low-

cycle fatigue, or Coffin-Manson, equation.
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Substituting Eq. (2) into Eq. (1) gives

1/8
Ae
da .
- e (?CE> (3)

It is known experimentally that %ﬁ-increases with increasing AK; therefore,

the dependence of Eq. (3) on AK must be through Aa and Ae The following

p*
assumptions provide the necessary AK dependent factors. The increment of
crack growth, Aa, has been assumed to be dependent on AK, either directly,

as

Aa = AOAKn (4)

eff

or indirectly, through the crack tip opening displacement, by the follow-

ing equations

fa = ol (5)
= q
and Co = CAKicr (6)

where C, = the crack tip opening displacement (to be defined), and AKeff =
AK - AKTH’ with AK = the geometrically dependent cyclic stress intensity
factor, and AKTH = the threshold AK. A method for computing AKTH.has not
been derived, so a value determined from the measured crack growth rate

curve must be used. Which of these concepts of crack advance best describes

the experimental results will be determined after the data has been presented.

One additional assumption is required:

a r
Aep KOAKeff (7)

Cee g - - - s @ - P ey WP W—,M‘-- p—— < -y




By assuming that crack advance is directly AKeff dependent, Egs. (3), (4)

and (7) may be combined to give:

K /8 r
dN o\ e, eff

Alternatively, if da is assumed to be indirectly dependent on AKeff through

Co, then combining Egs. (3), (5) and (6) gives

1/8

K r/
da . ) (g + '/8)
aN -« ( e ) BKors

For both formulations, Egs. (8) or (9), the parameters Ko"Ao’ ¢, q
and r represent the response of the material just ahead of the crack tip.
These can be experimentally determined by the techniques presently used,
so if the weighting factor B could be determined, from 1ow-cyc1é fatigue
tests, for example, then measurement of da/dN at one value of AK should
allow da/dN to be determined at another AK. However, in this paper, Egs.
(8) and (9) will be used to test the validity of the concepts outlined

above against the experimental data.

Experimentally, it is known that
da, v = pAKS
/dN BAKeff

By replacing %ﬁ-in Eq. (8) and rearranging

A ° (n+7/8-5s)8
e *\ 5 ) KoKefs

.
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(10)
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The weighting factor B may be derived by invoking one of the original

assumptions: ¢_. is independent of AKeff. Therefore

! c
i r
n+ /B-s=0 (12)
i
r H
or B = ryry (13)
A \B
= | 2
and € ( 3 ) Ky (14)

Alternatively, replacing 92/dN in Eq. (9) gives

| 8= % NE)
b

g A

} and O (aB_C> Ky (16)

Thus, it will be possible to compute B and € from the experimentally
determined parameters, Eqs. (4)-(7) and (10), and examine the validity of

-y e

the concepts described above.
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ITI. EXPERIMENTAL RESULTS

A. Crack Tip Measurements

With the stereoimaging technique, the strains Beyy Ae . and Any

y
are measured at several hundred locations within 25 to 50 umyof the crack
tip.[7] Interpretation of the distribution of individual strain components
is difficult; therefore, much of the analytical effort has been concen-
trated on utilizing the principal strain increments beq and Aeps the maxi-
mum shear strain AYmax’ and the total effective strain increment

1/2
eff _2 [, 2 2
Aey Vi (Ae] + leyle, + Ae, > : (17)

Distributions of shear strains, and the functional forms of the distribu-
t.on functions, have previously been pub1ished,[]°’11] and therefore are

not repeated here.

The stereoimaging technique also allowed accurate measurement of the
crack opening displacement (COD) as a function of the distance behind the
crack tip. Components in both the in-plane coordinates x and y have been

measured. The resultant value

2 2 \1/2
cop = | €D, +cooy ) (18)

is used here as the measure of crack opening. Typical results for both -

environments are shown in Fig. 2; a relation of the form

coD = ColyP (19)




is implied by this correlation. Values of the crack opening parameters
C, and p in Eq. (19), and of the plastic strain increment at the crack tip,
b¢,(0), are reported in Table I. The value of ac,(0) = 227 (0) - .006s,
where .0065 is approximately twice the shear strain at yield.

The data listed in Table I are plotted in Figs. 3 through 5. The
best correlation obtained between any of the parameters was that between

crack tip opening and strain, Fig. 3:
= X
Asp(O) ACO (20)

For the dry environment, this correlation was found to be best with
crack tip opening displacement defined at 1 um behind the crack fip;
therefore CTOD is defined at this point. Values of CTO0D are determined by
extrapolating COD values from those measured 3 to 5 um behind the tip to
1 um using Eq. (19).

For the wet air environment, crack tip strain was correlated with
crack opening displacement, defined at 1, 0.5, and 0.1 um behind the tip.
The best correlation was obtained for CTOD defined at 0.1 um, Fig. 3b.
This better correlation for CTOD defined nearer the crack tip occurs
because the value of p has decreased to = 0.5, the value expected for an
elastic crack.

Values derived for the constants in Eqs. (4), (6), (7), (10) and (20)
are listed in Table II. The data points for crack growth rate have been
published e]sewhere,[lzl so only the analytical results are presented.
A1l values of the constants given in the table were derived statistically,

using a regression which minimized the sum of the squares of the deviations.
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TABLE I

7075-T651
Crack Tip Opening and Strain Data

AK Co
MN/m:"/2 Environment (pm)
6 Dry 15
6 Ory .18
6.2 Ory I
6 Wet .24
6 Wet B
7 Dry .155
7 Wet .145
8 Ory .097
8 Ory .064
8 Dry .25
8 Wet .20
10 Ory 1.59
10 Ory .52
10 Wet .44
n Ory .79
1N Wet .28
12 Dry 1.66

R e

Data
P A;E‘o) R Set
.67 .033% .15 34
.64 .0475 .15 35
.60 .0415 .15 36
.60 .0545 .15 37
.45 .0151 .16 38
.52 .0385 .19 52
.59 .006 .20 53
.72 .0335 13 39
7 .0425 13 40
.81 .0875 .26 41
.81 . 0647 .23 42
.34 .2885 .30 43
.60 .1565 12 44
.62 .1545 .23 45
41 .133% .13 54
73 .1035 .13 58
.36 .334 .10 898




R L

T ..r«f‘,’- 4

TABLE II
7075-T651

Constants for Various Equations Derived by

Least-Squares-Fit Through the Data
K = MN/m3/2  CTOD and 42 = m

Variable Equation Number Ory
My 0
B 10 1.6x10714
s 6.4
-7
Ao 4 2x10
n 0.27
-4
7 1.3x10
§° 3.0
c 6 1.4x10°10
q 3.6
A 2.2x10°
X 20 0.68

Note: Dry: CTOD defined 1 um behind the tip.
Wet: CTOD defined 0.1 um behind the tip.

Wet

9.6x10713
5.6

3x10~%

2.15
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The best correlations were found for AKeff = AK, meaning Ky = 0 was used
in this derivation.

It should be noted that Eq. (20) is redundant, and may be derived
using Eqs. (4) and (6). When this is done, A = K /C* and x = "/q.

B. Fractography

Fractographic examination of specimens cracked in air and vacuum
was performed. These results are reported in detail elsewhelr'e,[u:I but
a few examples of relevant features are presented here as well.

Striations were found for both vacuum and wet air environments, and
at almost all stress intensities. No shear 1ips were found at the specimen
surfaces, and striations found in the interior of the specimen héd the
same appearance and average spacing as those found adjacent to the surface.

In wet air, striations were found to be sharp-edged and rather flat,
Fig. 6; because of their flatness, they were difficult to see in the SEM.
Their appearance was basically "brittle." At AK <6.5 MN/m3/2, striations
formed in wet air could not be resolved, although TEM replica work by
Broek[13] indicates that they are present at stress intensities as low as
4 MN/m3/2.

Striations generated in vacuum were much easier to see, since they
were more rounded in profile. Their appearance is rougher than that of
striations formed in wet air (Fig. 7), and suggests increased crack tip
strain.

The relatfonships between striation spacing, crack growth rate, CTOD,
and AK are shown for vacuum and wet air in Figs. 8 and 9, respectively.

The CTOD shown is that defined 1 um behind the crack tip for both environ-

ments, and fs derived from the data in Table I.
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The AK range over which striations in wet air were obtained was

[13]

for

quite 1imited. Consequently, TEM replica data obtained by Broek,
7075-T6 tested in moist air, are included; it is evident that the present

results are in good agreement. Striation spacing and CTOD nearly coincide
over the entire range in &K, Fig. 8. Their dependence on stress intensity

-3/2 they

is less sensitive than is that of da/dN, which, for AK < 5 MNm
exceed by more than an order of magnitude. This disagreement diminishes
as AK increases, and the three curves basically coincide at AK = 10 MNm

The CTOD and striation spacing curves for vacuum are considerably
different than for wet air, Fig. 9. Crack tip opening displacement is very
sensitive to cyclic stress intensity magnitude, while over the same range,
the average striation spacing is almost constant.

The relation between measured striation spacing and 4K is given by
ss = A OK" (21)

Values of the constants Ao and n for both environments were derived using
a regression which minimized the sum of the squares of the deviations,
and are listed in Table II. The striation spacing is thus assumed to be

equal to the crack growth increment Aa, so that Eqs. (4) and (21) are

identicatl.

-3/2
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IV. DISCUSSION

A. Interpretation of Crack Tip Measurements

Crack tip plastic strain correlates very well with crack tip opening
displacement for both environments, Fig. 3. The scatter associated with
this correlation is small, even though the range of CTOD is nearly two
orders of magnitude, for the dry data. Therefore, this relationship ap-
pears to be fundamentally correct.

It is not surprising that CTOD for wet air when defined at 0.1 um
correlates better with A;p(O) than when it is defined at 1 um, Fig. 3b,
because the effect of water vapor is to decrease the plastic strain at
the crack tip. This finding is of fundamental importance in the under-
standing of the effect of environment.

Although Aep(O) clearly increases with AK, there is considerable
variation about the mean, Fig. 4. These variations arise because of the
nature of the fatigue process, and not from errors in measurement of crack
tip strains; if such errors were present, then less correlation between
Asp(O) and CTOD would be expected than was found, Fig. 3. Variation in
Asp(o) occurs because of the periodically varying nature of the change in

deformation experienced by material just ahead of the crack tip, as was

observed dynamically and shown schematically in Fig. 1. It must be assumed,

for further analysis, that the regression lines on Fig. 4 represent average
behavior. The variation of CTOD data with AK, Fig. 5, has the same origin
as the varfations in Aep(O). As Table II indicates, neither CTOD nor crack
tip strain increases as rapidly with AK as does crack growth rate; there-
% /an.

fore, neither of these factors relates directly to average
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B. Interpretation of Fractoqraphy

A1l of the correlations needed for examining the models have been
developed and are quantified in Table II, with exception of deciding
whether the increment of crack advance is directly dependent on AK, or
indirectly dependent through the CTQD dependence on AK. The existence
and spacing of striations on the fracture surface is considered to be
evidence for, and measurement of, the increment of crack advance. The
results shown in Figs. 8 and 9 will be considered together with the work of
other investigators. Most of the relevant supplemental information per-
tains to crack growth in air, which will be examined first. For both en-

/2

vironments, the range of investigation is § < 4K < 15 MN/m3 .

1. Crack Growth in Air

Bowles and Broek[14] analyzed transmission electron diffrac-
tion patterns obtained from thin foils which included the striated fracture
surface of 7075-T6 fatigued in afr. Their resuits showed conclusively that
the planes were {110}. Nix and Flowers[’sl also examined the fracture
surfaces of a 7010-T76 alloy using TEM techniques and likewise concluded
that the fracture plane was {110}. In addition, for the same specimen,
they were able to image the dislocation substructures underlying the
striations and determined that they coincided with the leading edges of
the striations, which were imaged in the SEM mode. The region of the
striation near the trailing edge of the striations was found to contain a
much Tower dislocation density. They concluded that striations formed in
two steps, the first involving plastic flow, and the second resulting from

"brittle" microfracture on {110}.
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Wanh111[6] examined thin foils of 7075-T6 made adjacent to

the fracture surface by TEM, and showed an exact correspondence between
striation spacing and periodic subsurface dislocation structure, in
general agreement with the work of Nix and F1owers.[15] Since the present
fractographic observations, Fig. 6, generally agree with those other in-
vestigators, it is concluded that their findings are applicable 1o the
7075-T651 used in the present work.

From Fig. 8, it is clear that striation spacing exceeds the
rate of crack growth at low AK. But from the foregoing discussion, it is
inferred that this means that the increment of crack advance is larger
than the average rate of crack growth. This observation is consistent
with the measurements of CTOD and crack tip strain, as well as the find-
ings of Wanhill, and Nix and Flowers, through the following description of
crack advance. Starting with a sharp crack, each succeeding cycle results
in an increasingly blunt crack tip, with the associated increase in
strain. This results in a region of high dislocation density, correspond-
ing to the first step in striation formation, and is followed by an
increment of crack advance requiring at most a few cycles, which is the
"brittle" second step of striation formation. There is a very close
coincidence between striation spacing and CTOD (defined at 1 um from the
crack tip), and we conclude that the crack growth increment is directly
related to CTOD, as expressed by Egqs. (5) and (6).

2. Crack Growth in Vacuum

Striations have been observed for fatigue crack growth in
vacuum in both 7075-T6L6] and 7075-7651,[16] 4n addftion to those seen
here, Fig. 7. The TEM work of Wanhill showed that the dislocation sub-

structure just below the fracture surface was arranged into bands whose
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periodic structure equaled the corresponding average striation spacing.
This suggests that striations in both environments are the result of the

same two-step process of formation. However, the non-crystallographic,
rounded profile of the striations formed in vacuum implies that more
plasticity accompanied their creation than did so in wet air. This
inference agrees with the crack tip strain measurements, Fig. 4.

Recalling Fig. 9, striation spacing is unrelated to the
magnitude of the CTOD, and is only slightly dependent on AK. We thus con-
clude that incremental crack advance is related directly to AK, rather than

to CTOD, as expressed by Eq. (4).

C. Examination of the Models

By considering the AK dependence of CTOD and striation spacing, we
conclude that the effect of the wet air environment is to fundamentally
alter the relationship between da, the increment of crack advance, and AK.
For the wet air environment, Egs. (5) and (6) describe the dependence of
Aa on &K, with a=1, and Eqs. (15) and (16) are used to compute the param-
eters 8 and € Conversely, for the dry environment, Eq. (4) describes aa,
and Egs. (13) and (14) are used to compute 8 and ¢.. Table III lists the
values of 8 and €. 2s computed by the appropriate equations and using the

constants given in Table II.

TABLE III

7075-T651
Derived Values of 8 and ec Using the Constants in Table II

Environment B8 i
Dry .49 .43

o




The derived values of 8 and €. are rather sensitive to the crack '
growth rate constants B and s; just how sensitive is shown by the analysis
in Appendix A. Using the vacuum crack growth rates of other investigators |

gives, on average,8 = 0.73 and €c = 0.4. Using the air data of other in-

vans

vestigators results in a broad range of estimates for B and €c- The

LT VTR

general trend of this data indicates that

T e

1) 8 < 1 for both environments, probably between 0.4
and 0.7.
2) ¢, for wet air is less than or equal to that for

the dry environments.

The latter finding supports the other evidenée, already presented,
which indicates that the effect of water vapor is to decrease the plasticity
associated with fatigue crack growth. The environmental specie thought to
be responsible for this alteration in material property is hydrogen. Water
is catalytically separated into H" and OH™ at the newly created (and un-

oxidized) surface at the crack tip.[17] The free hydrogen atom then

A s A Y R B i 1 1

enters the metal and is moved into the region ahead of the crack tip
by dislocation transport or by diffusion. In either case, this penetra-
tion need not be over a distance greater than Aa (0.1 to 0.5 um), or at

least it need only exceed some minimum concentration level over that

N M o ATl SN S b IS

distance. {

Having computed 8 and Eco it is possible to calculate 8N, the number

of cycles required for an increment of crack growth, using Eq. (2) and the

plastic strains 1isted in Table I; these values are given in Table IV.
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TABLE IV

7075-T51 !
Calculated Number of Cycles Required for Crack Extension J

Environment AK Aep AN A3, (da,gn) ]
Dry 6 .030 220 210
Dry 10 .14 10 9 i
Wet 6 .018 41 6
Wet 10 .092 5 1

- S

Clearly, M. is large at low AK in vacuum, just as it was observed ;

to be dynamically, but ANc decreases rapidly as AK is increased. Wet air

at Tow AK greatly diminishes the number of cycles required, as compared

Al e e e b a b -

to that required in vacuum, which is another manifestation of the decrease

in crack tip plasticity associated with environment.

The model used here is conceptually similar to those formulated by
Antolovich, et al,EBJ and by Lanteigne and Baﬂon,[gJ in that the number of
cycles required for an increment of crack advance is controlled by a low- g ﬂ
cycle fatigue law. However, measured crack tip strain and crack growth :
increments have been found to be different from their theoretical assump- i

tions, and it has been necessary to alter the models accordingly.

0. Relation of Results to Low-Cycle Fatigue Tests

The element Aa ahead of the crack tip is considered to be acting
much the same as a low-cycle fatigue specimen, Eq. (2). As derived from
the crack tip parameters, .5 < B < .9, which compares with 8 = 0.56 as

gtven in Jablonski and Pe1loux,[18] and 8 = 0.83 as given inLanteigne
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and Bai1on[9] as derived from low-cycle fatigue tests. The parameter

equivalent to €. cited by Jablonski and Pelloux is 0.3, which is between

c
the values derived for the two environments. Thus, the results obtained

here are compatible with low-cycle fatigue test data.

E. The Effect of Environment

The effects of a wet air environment on fatigue crack growth have
been found to be as summarized below:

1) crack tip strains are decreased

2) the factor €. 1s reduced

3) the increment of crack growth Aa increases
The net results of all these changes is to decrease the number of cycles

required to cause crack advance, and this, combined with the increase in

increment of crack growth, causes the crack growth rate in water vapo: *o

increase,
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V. SUMMARY AND CONCLUSIONS

Crack tip strains and openings have been measured in both humid air

3/2. Dynamic

and dry nitrogen or vacuum over the range 6 < AK < 12 MN/m
observation of crack growth and fractographic examination have also been
made. The results have been incorporated into a model, and are summarized

below:

1. Both crack tip strain range and opening displacement
are strong functions of AK,and dependent on environment.

2. Striation spacing in vacuum is almost AK independent,
while in water vapor it is strongly AK dependent.

3. The correlation between crack tip strain range and
crack tip opening displacement is dependent on
environment.

4, Crack growth is noncontinuous, requiring hundreds of
cycles between growth increments at low AK.

5. The effect of environment is to decrease the strain
which the crack tip can support. Hydrogen is con-
sidered to act at the crack tip, causing this result.

6. The model used is based on considering an element
ahead of the crack tip as a small, Tow-cycle fatigue
specimen, and factors are derived which correlate well
with the same parameters derived by low-cycle-fatigue
experiments.

These results have been compared e1sewhere[]9] with similar worktzo] in

the compositionally similar powder metailurgy alloy MA-87.
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APPENDIX A i

Values of B and €¢ from Eq. (2) are computed using values of crack
growth rate from other investigators, together with the crack tip param-

eters given in Table II.

TABLE A-1

Model Parameters Computed From the Growth Data
of Other Investigators, 7075-T6 and -T651

Crack Growth

Parameters . Reference
Investigators Environment B s 8 S Number
, 2:ﬁ?§3§ e Dry 1.6x10::: 6.4 .49 .43 -
31 Vogelosana Vac 2.6x10 3.9 .83 .21 21
éi Kirdy and Vac 9.25x10712  3.84 .84 .56 16
:? Wanhi11 Vac 1.5x10°11 382 .84 .39 6 |
y Present Air 9.6x10°'3 5.6 .74 .28 - |
ﬁggifzga:;d Air 3.66x10°'0 2.8 2.1 .o002 21
Kirby and -12
Beevers Air 2x10 4.7 96  .042 16

It shou1d be noted that the material of the other investigators may .
be sufficiently different from that of the present study that the measured

crack tip parameters are inapplicable. It is concluded from this comparison

that for both environments 0.5 < 8 < 0.9,
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; . Figure 2. Total crack opening displacement vs distance
d behind the crack tip.
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Figure 9. Comparison of crack growth, CTOD, and striation
spacing for the dry environment.
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APPENDIX A
7075-T651

The purpose of this appendix is to present additional information,
not available in the manuscript. The plots presented show the distribu-
tion of strains near the crack; only crack tip values were used in the
manuscript. The data set numbers correlate with those given in Table I.
In each case, the crack is shown schematically on the zero strain plane.
GMAX = the maximum shear strain range; x and y dimensions are in micro-
meters.
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I. INTRODUCTION

This paper reports on the measurement of parameters which are needed
to describe the mechanics of crack tips. Two recently developed tools are
utilizad in this study: a cyclic loading stage for the SEM[1] is used to
view crack tips dynamically at high resolution, and the technique of
stereoimagfngtz] is used to determine crack opening displacements and
strains at the crack tip and in the region nearby. These techniques have
also been applied to fatigue cracks grown in 7075-T651 as formed by ingot
metallurgical practice, and the results reported; thus, similar observa-
tions on a compositionally similar material which has been formed by a
completely different technique offers the opportunity to assess the effect
of metallurgical practice upon crack tip mechanics.

The powder metallurgy alloy chosen for this study has been reported
to have markedly reduced sensitivity to stress corrgsion cracking and
exfoliation, as compared with 7075-T651. Thus, the alteration of crack
tip mechanics by corrosion assisted fatigue seemed likely, and may be
helpful in understanding the effect of metallurgical forming practice on
fatigue crack growth.

Finally, the information reported here has been incorporated into
a model similar to that previously used for 7075-T651.[3] A detailed

comparison and interpretation of results for these two alloys will appear

(4]

elsewhere.
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II. APPROACH

A. Material '
The powder metallurgy alloy used for these experiments was obtained
from Alcoa in 1977. It was part of an experimental batch being used in

an alloy development program, and was at that time designated MA-87; sub-

i GaEn IR SR TEE BB EE N a0 an e ey v oun an N BEB R N
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stantially the same material is today produced in near-commercial
quantities and designated X7091. Information on the manufacture of the

material has been published elsewhere,[S] and is summarized below: %

Material History

MA-87, Ingot 354877. Composition: Al-1,5Cu-2.5Mg-

6.5Zn-.8Co. The compact was made from air-atomized

powder, ABC-triple upset forged and extruded. Heat

P e am e W - g

treatment: -T6 + 14 hrs at 162°C (Ref. 5). Tensile

yield strength = 503 MPa.

The resulting microstructure, consisting of numerous alumina

particles dispersed in a matrix of irregularly shaped grains, is shown in

Fig. 5. Grain dimensions were in the range 5-30 um and were elongated in

the extrusion direction.

B. Experimental Technique

Specimens of gage section 21 x 3 mm thick were faoricated, and the

fatigue crack was initiated from a single saw slit. Cracks were grown at

ambient temperature in the range 5 < &K < 11 MN/m3/2, Kmi"/Kmax = 11-..21,

in two environments: vacuum of 1 MPa (10'5 torr) and laboratory air of

approximately 50% relative humidity (~12,000 ppm water vapor). Specimens




were transferred from the environment of interest to an especially
constructed cyclic loading stage in the scanning e1ectroh microscope,[]]

where they could be observed with high resolution while being loaded in

the same way as done in the laboratory. Photographs and videotapes were
made of the crack tip region. For cracks grown in laboratory air, ob-
servations were made only during the first few cycles, during which
crack tip deformation remains unaffected by the vacuum of the SEM.
Fractography of typical fracture surfaces was done by SEM using a ;

palladium coating to enhance resolution.

c. Analytical Techniques

Photographs were taken of the crack tip region at 1000 or 2000
magnification, at both minimum and maximum load. The displacements in
the plane of the specimen surface due to the loading change could be both
visualized and measuredtz] using the stereoimaging technique. Gradients
of these in-plane displacements were used to define[s] the strains in the

loading axis (exx) and perpendicular to it (syy) and the shear strain

(ny). Measured displacements were also used to accurately determine @

crack opening both parallel and perpendicular to the loading axis. :

D. Model
The crack tip quantities derived from these experiments will be
examined in context of a model for fatigue crack growth developed pre-

viously by the authors.[7] This model is the modification of a similar

one first developed by Antolovich, Saxena and Chanani.[sl The model <

includes the finding that crack growth is discontinuous and incorporates

GER G R N el el N bed e e e el ed o Oad on (IR @GO @

|




the measured parameters of crack tip opening displacement and crack tip
strain. The principal advantage of the model is that it allows determina-

tion of a stress intensity independent failure criterion.

el

A summary of the model is presented in the following: strain, which

is considered to be the manifestation of "damage," is assumed to accumulate

with each cycle, so that

B, . i
AN, dey = € (1)

where Aep = the cyclic plastic strain range which occurs on each cycle in

an element Aa just ahead of the crack tip, and ANc = the number of cycles

[P PE VIR

required for crack advance. The product, €es is considered to represent

the cumulative damage required for crack advance. If

- e e

i
47 da _ Aa
B N T aN, (2)
c
; then Eqs. (1) and (2) may be combined to give !
1/8 i
Ae s
da = P :
o 22) o

The per-cycle crack growth increment Aa will be determined from

striation spacing, and will be assumed to be fundamentally dependent,

either directly on AKeff’ or indirectly on AKeff through the crack tip
opening displacement (CTOD). The criteria for deciding whether 2Aa is CTOD
or AKeff dependent will depend on the relationships established between

CTOD and Al(eff and between striation spacing and AKeff. The appropriate
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relationship is then incorporated into Eq. (3) along with the equation

describing the change of Aep with AKeff' From measured crack growth rates,

o

and assuming that B and €, are independent of AKeff. it is then possible

to derive them. Table I lists the equations required for these calculations.

!
’ l TABLE I i
| MA-87
l Functions Used in the Fatigue Crack Growth Model
]
l Equation Number ha = MKqpe a = CTOD
(4) da = A MK ce ?
‘ l (5) da = aCy ' ;
= ¢cakd | '
| (6) Co = Cakdce |
' - r . r
l (7) dep = KyBKege bep = KodK e
da _ s da . 3 ’
I (8) an = Bk aN * Bokars
' r
(9) B =5 ]
I s
(10) B=35q
k
I 3 |
A
= (-2 3
(1) e = (#)K, |
8 R
= lc. 1
l “c ( B ) %o
;4 A—

/
1]
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IIT. EXPERIMENTAL RESULTS

A. Crack Tip Measurements

Crack opening displacement vs distance y behind the crack tip is

plotted in Figure 1. The value shown is the total (or resultant) COD

which is defined as

1/2

2 2
+ C0D, ) (12)

oD = (coox

For both environments, these data fit the relation

cop = c°|y|p (13)

Values of Co and p are listed in Table II along with the plastic strain
increment at the crack tip, Aep(O), where the latter is defined in terms

of the total effective strain increment at the crack tip, so that Aep(o) =

As:ff(O) - .0069, and

1/2
eff _(2 2 2
Aet (7§ Ae1 + As]Aez + Aez ) (14)

Ae1 and Asz are the maximum and minimum principal strains, and .0069 is
approximately twice the shear strain at yield.

The COD has a very large Mode II crack opening component. The
ratio of CODy/COD is 0.6-0.95 at 3 um behind the crack tip for both
environments and all AK. CTOD is defined as the opening 1 um behind the

crack tip, and 1s equal to Co' .
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Crack Tip Opening and Strain Data

Environment

Vac
Wet

Wet
Wet

Vac

Vac

Wet
Wet

Vac
Vac

TABLE II

MA-87

c

o]

0 ym) P
.5 .315
.68 .19
.86 .23
1.1 .295
1.17 .30
1.66 .20
1.09 .318
1.0 .35
1.6 .260
1.75 .306

Ae;(O)

.1461
.1253

.1205
.2076

.1925

2011

.2529
.2342

2194
.2213

21
.21

12
12

7
.23

1
1

.12
12

Data
Set

51
67

68
69

70

1A

n
72

73
74
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The data of Table II are plotted in Figures 2-4. Lines shown on
the figures have been determined by the method of least squares.
Parameters describing these regression lines are given in Table IIl. In
addition, the correlation relating Asp(o) and C, is shown in Figure 4,

and is described by the equation

X

Aep(O) = A Co (15)

Combining Eqs. (4) and (6) also allows the derivation of this equation,
where Ko = ACX and r = qx. This provides both an internal check on the
computation of the quantities in Table II and a fundamental relationship

between crack tip strain and crack tip opening displacement.

B. Direct Observation of Crack Growth

Evidence for noncontinuous crack growth is found from dynamic
observation of crack growth in the scanning electron microscope and from
fracture surface examination. A sequence of photographs of the crack tip
region is shown in Figure 5. Starting with a sharp crack, Figure 5(c},
cycling causes the crack tip to progressively blunt, Figure 5(e), until a
new increment of growth occurs, Figure 5(f), which leaves the crack sharp
again. This sequence shows that the crack does not grow on each cycle,
and for &K < 6 MN/m3/2, 100 cycles or more may be required for crack
advance in vacuum, although the number of cycles has not been established
on a statistical basis. Although this process has been observed dynami-
cally numerous times in several materials, the detailed sequence of events
actually accompanying crack advance are not yet known, and may be different

in di fferent materials.
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TABLE III
MA-87
Constants for Parameters in Various Equations
as Derived by Least-Squares-Fit Through the Data

MKopr = M2 CT0D « m

St et et o et Sy *

Variable Equation Number Vacuum Wet
) Ky 3.5 1.7 ]
: Ay 4 3.28x1077 1.3x1077
R n 0.354 0.358
c 6 2.6x1077 3.8x10~7
q 0.94 10.476
K 7 1176 3.9x10°2 {
o - .
r .315 1792 )
B 8 7.37x10710 4.8x10"10 {
s 2.18 3
8
A 15 14.1 1.6x10
X .315 1.486
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c. Fractography
Striations are assocfated with fatigue crack growth over the entire

AK range studied, for both vacuum and air. In the air environment, stria-
tions appear fairly straight and clean-edged (Figure 6), while in vacuum,
they have more of a "ripple" to their profile (Figure 7). Macroscopically,
the fracture surfaces in these two environments are startlingly dissimilar.
The vacuum surface looks much smoother, although close inspection at high
magnification shows that the surface is covered with uniformly distributed

(9]

fine striations. As concluded elsewhere, striation spacings are the
increment of crack growth Aa, and they were measured and correlated with
AKeff through Eq. (4) of Table I. Values of Ao and n in that equation

are given in Table III.

D. Crack Growth Rate

Average crack growth rate, CTOD, and striation spacing are shown in
Figures 8 and 9 for the two environments. The individual data have been
presented e]sewhere;[gl the equations for the various relationships are
found in Table I and the parameters are given in Table III. Threshold AK
was determined from crack growth data as that value of AKTH which minimized

the sum of the least-squares deviations.
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IV. OISCUSSION

No clear alterations are made to crack tip strain range Aep(o) and
CTOD by changing environment. However, there does appear to be a basic
difference in the effect of water vapor on the relation between CTOD and
strain, Figure 4, although unfortunately CTOD covers only a narrow range.

Fractography indicates that striation spacing greatly exceeds crack

growth rate at low AK. This indicates that many cycles are required for

crack advance, and is in agreement with dynamic observations of crack

growth. For 7075-T651 it has been established by TEM that creation of

striations is a two-step process, and crack tip blunting, accompanied by
increasing strain, is implied. TEM work has not been done for MA-87, but 1 J
due to similarities between dynamic observations and crack tip measure-
ments, this material is assumed to undergo a similar cycle of progressive
crack tip blunting which precedes growth. Thus, variations in crack tip
strain and CTOD at various AK aré not considered to be due to statistical ' 1
variability or inaccuracies in measurement technique, but rather are due
to strain analyses which were made at various points in the cumulative
strain cycle.

Striation spacing and CTOD are dependent on AKeff for the air

environment, but not for vacuum. Since striation spacing is assumed to
equal the increment of crack advance, 4a in vacuum is assumed to be
directly proportional to AKeff. Eq. (4), Aa in air is assumed to be pro-
portional to CTOD, Eq. (5), which 1s,:1n turn, proportional to AKeff.
Eq. (6). In Eq. (5), a is determined by dividing striation spacing,

Eq. (4) by CTOD, Eq. (6). For the air environment, a = 0.34,




q

Knowing the functional dependencies of Aa, the other equations in
Table I are used to compute B and €¢ (Table IV). These values are
relatively insensitive to the crack growth rate curves used. For example,
the crack growth data of Langenbeck[]ol for X7091 in air give nearly the
same values for B and €. a5 do the crack growth data of McEvily,[]]]
also for X7091. In addition, McEvily has found Ky 2 MN/m3/2, which is

/2. The values of

in good agreement with the present value of 1.7 MN/m3

8 and €¢ in Table IV can be compared to values derived from low-cycle

fatigue experiments[]zl on this alloy: 8 = 0.7 and € = 0.8.
TABLE IV

MA-87
Computed 8 and €c

Environment < €c
Vac 172 .336
Air .313 .225

By knowing 8 and €c» the number of cycles required for crack advance
may be computed using Eq. (1), Table V. The large number of cycles re-
quired for crack advance at low AK in vacuum is in general agreement with
dynamic observation of crack growth in the SEM. There are two effects of
wet air: (1) to greatly decrease the number of cycles needed before crack

growth, and (2) to decrease the magnitude of the crack advance. These

changes act together to increase the crack growth rate.
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TABLE V

MA-87
Computed Number of Cycles for Crack Extension

Aa
Environment 8K BKetf bey 10”7 AN

Vac 5 1.5 .134 3.8 188 H
7 4.5 174 5.1 43 ! ;
10 6.5 212 6.4 14
14 10.5 .247 7.5 6

Air 4 2.3 .075 1.8 34
6 4.3 .124 2.2 7
8 6.3 .168 2.5 3
10 8.3 .208 2.8 -1
14 12.3 .285 3.2 .4

The lower value of €c in air indicates that water vapor decreases
the plasticity associated with crack growth, and is in agreement with the

decrease in Asp(o) in air, Figure 2. Hydrogen, which is released

catalytically from HZO at the newly created crack tip surface, is thought
to be responsible for this decrease in crack tip plasticity. Whether the

hydrogen acts on the surface of the crack, or is transported ahead of

the tip by dislocations or diffusion is not known, but the hydrogen need

not act over a distance in excess of Aa, the increment of crack advance,

which is only about 0.3 um.
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V. SUMMARY AND CONCLUSIONS

Crack tip opening displacement and strain, striation spacing, and
crack growth rate have been determined in vacuum and wet air environments
at 5 < &K < 12 M/m>/2. The findings include:

1) Crack tip strain increment is proportional to crack tip

opening displacement, but environment alters the pro-

IS P

portionality.

2) In vacuum, the increment of crack growth, which is the
average striation spacing, correlates with effective
AK, while in air it correlates with CTOD.

3) Dynamic observation indicates that crack growth is A

intermittent, and that the crack tip becomes increasingly
blunt prior to growth.
4) A model which treats the material just ahead of the

crack tip as a tiny low-cycle fatigue specimen is

utilized. Parameters are derived from the crack tip and
fractographic measurements which describe the low-cycle
fatigue behavior experienced by the material at the
crack tip. Correlation of these parameters with those

measured in laboratory low-cycle fatigue experiments

ol g e g i xa

is poor.

T

5) The model indicates that an increasingly large number of
cycles are expended between increments of crack growth as

K 1s decreased, in agreement with experimental findings.
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Aep( 0) Crack tip plastic strain range
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Crack tip plastic strain range vs cyclic stress
intensity factor. Lines shown are least-square
fits with AKTH given in the text.
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Figure 3. Total crack opening displacement 1 um behind the tip vs
cyclic stress intensity factor. Lines shown are least-
square fits with AKTH given in the text.
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Figure 6.

Fatigue striations from sgecimen cycled
in wet air, AK = 7 MN/m3/2.

Figure 7.

Fatigue striations from specimen cycled
in vacuum, AK = 10 MN/m3/2.
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Figure 8, Measured crack grbwth rate, crack tip opening displacement,
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Jeast-square fits with AKTH = 1.7 MN/m3/2.
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APPENDIX B
MA-87

Additional data are presented in this appendix to that found in the
foregoing manuscript. Plots of displacements and Mohr's circles are shown
because these have not been previously given. Data set numbers are the
same as those given in Table II of the manuscript. On the displacement
diagrams, the dot represents the position of the point before load is
applied; the end of the line is the displacement which has occurred due
to the loading. The cross is the crack tip.
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? Crack extension is a two-stage process which praduces 2 striation, M ,

only after a number of cycles during which tln crack 'b'lun&fsf and. W | - "'
lates local strain damage near the tip, *?ouowdd by an increment of . '
“brittle® crack extension. The effect of mofst air is to m the - o
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mumber of blunting cycles preceding crack extension. Implications
for analytical crack growth models based on crack tip MGMW‘*
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INTRODUCTION

The growth of fatigue cracks in aluminum alloys has been a subject
of research for several decades. Despite this concerted effort, the pre-
cise set of circumstances corresponding to incremental crack extension
remains something of a mystery. This is unfortunate, since knowledge of
these circumstances is required in order to fashion valid predictive crack
growth models. Thus, the many different models which have been developed
are all based on varying assumptions regarding the criteria for, and
micromechanism of, crack advance. Most of what is known about crack
advance has derived from the interpretation of fatigue fracture markings,
observed either by means of scanning electron microscopy ‘SEM), or by
transmission electron microscopy (TEM) of carbon replicas. In addition,

a few experimentalists have carried out TEM studies of thin foils con-

taining both the fatigue fracture surface and its adjoining deformed sub
strate.

The authors have recently begun to study crack advance at high re-
solution under dynamic conditions, by use of a special servo-controlled,
hydraulically-actuated cyclic loading machine which fits inside the SEM
specimen chamber [1]. The results of investigations carried out on
wrought 7075-T651 aluminum alloy [2] and MA-87 [3], a powder metallurgy
alloy of nearly the same chemical composition, have indicated that crack
advance takes place intemmittently. That is, the crack tip will tend to
open and close for a number of cycles, and then extend a small distance
on the next cycle. Repetition of this process causes incremental crack

advance requiring multiple cycles, the number of cycles decreasing with

increasing cyclic stress intensity ak.




In order to model this process quantitatively, it is necessary to
specify the conditions at the crack tip at the time the crack advances,
and to determine the distance by which the crack extends. Furthermore,

any required assumptions should be compatible with the fractographic

i s

evidence. Therefore, an SEM fractographic analysis of fatigue crack
growth in 7075-T651 and MA-87 alloys has been carried out. This study
was supplemented by correlation with the results of other investigators
who have employed thin foil TEM, and SEM and TEM replica fractography.
In addition, crack tip opening displacement and crack tip opening mode
were established with the aid of the SEM cycling stage. All of these {
factors were utilized in constructing a basic scenario of crack advance. ) g

The present study provides a physical basis for quantitative models, 3

presented elsewhere [2,3], of fatigue crack growth in 7075-T651 and MA-87. ;

A valuable companion to this series of papers is the recent Air Force

Materials Laboratory report [4] by Doerr, which provides an extensive, {
detailed comparison of the microstructures and material properties of the

two alloys.

II.  MATERIALS
Both materials were fabricated by Alcoa; the 7075 alloy was obtained
commercially as a rolled, 6 mm-thick plate in the T651 condition, while

the MA-87 was received directly from Alcoa as part of an ingot from an ex-

perimental heat. Nominal compositions and yield strengths are shown in
Table I. The microstructure of the 7075-T651 plate consisted of pancake
grains approximately 130 x 60 x 18 um, with the longest grain dimension

in the rolling direction. Material characterization of MA-87 is more
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TABLE I ‘
MATERIAL CHARACTERIZATION
Yield Strength
Heat Treatment Composition (MPa)
T651 A1-5.6Zn-2.5Mg-1.6Cu 508
76 + 14 hrs. @ 162C A1-6.5Zn-2.5Mg-1.5Cu-.8Co 503
{
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complicated. When the present material was obtained in 1977, it was called
MA-87; the current Alcoa X7091 is essentially the same alloy. The initial
compact, made from air-atomized powder, was ABC-triple upset-forged and
extruded. The resulting microstructure consists of irregularly shaped

grains in the size range 5-30 um, elongated in the extrusion direction.

IITI. EXPERIMENTAL PROCEDURE

Cracks oriented normal to the rolling (7075-T651) and extrusion
(MA-87) directions were nucleated in single-edge-notch specimens of gage
section 3-mm thick x 21-mm wide. Load shedding in small load increments
was used to reach near-threshold rates of growth, and subsequent crack
growth was carried out at a stress ratio of approximately 0.15. Test
environments consisted of laboratory air at a relative humidity of approx-

imately 50%, and vacuum of <10'5 torr. Crack growth was monitored opti-

cally with a 100X microscope.

Observation of the tips of cracks grown in the moist environment
was performed within the SEM cycling stage only during the first few
cycles following transfer from the laboratory fatigue machine to the SEM.
Fractographic observations of striations have shown [5] that during these
first few cycles, crack tip extension is essentially unaffected by the
vacuum of the SEM.

In order to fully characterize crack tip yielding, high magnifica-
tion photographs were taken of the tips at both minimum and maximum load.

These photographs were analyzed by the sterecimaging technique [6,7], to

yield local material displacements within the plane of the specimen surface
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both normal and parallel to the loading axis, which in turn provided accu-
rate values for crack tip strains, crack tip opening displacements (CTOD),
and opening modes. The strain and CTOD data have been reported in detail
elsewhere [2,3]; the present work will use only the best-fit relationships.
Following crack growth tests, the specimens were broken open, and
their fatigue fracture surfaces characterized using the SEM. [n order to

optimize resolution, the surfaces were palladium coated.

IV.  RESULTS
A. Fractography

A1l of the microfractographic features described below were
observed uniformly over the entire fracture surrace. This suggests that
the same mechanisms of fatigue fracture are characteristic of both the
surface and interior regions of the specimen, and that surface observa-
tions of crack tip behavior should be relevant in the interior as weill.

1. 7075-T651

The fractography of 7075-T651 was found to be surpris-

ingly complex. The fracture surface formed in air is characterized by
periogic structures (Figure 1; in this, and subsequent photos, the large
arrow indicates the direction of crack growth), which are present at all
stress intensities, and whose average spacing increases with aK. However,
these features cover only part of the fracture surface, most of which, for

aK 5 6 MNm~3/2

, 1s composed of much finer micro-striations (Figure 2).
These striations are not easily resolved in the SEM, and it is necessary
to tilt the specimen about in order to bring them into view. Some evidence

of fine striations lying upon the coarser perijodic structures was seen, but
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their resolution was more difficult than in the surrounding regions. For

3/2, striations were basically unresolvable, and

AK less than about 6 MNm~

the surface consisted of what appear to be cyclic cleavage facets (Figure 3).
Changing the environment from air to vacuum in this low

stress intensity regime produces the fractographic profile shown in Figure 4.

On the vacuum side of the transition, sharply angled facets are superimposed

upon a predominant, uniform field of what might be termed "coarse" striations.

The facets disapper above aK = 7 MN'3/2, and subsequent fatigue crack growth
is characterized primarily by coarse striations (Figure 5). The striations
are considered coarse because of the fact that they actually are made up of
still finer striations, as shown in Figures 6 and 7. Frequently, the coarse
striations do not form at all, and regions of the fracture surface are com-
posed entirely of the fine striations (lower portion of Figure 7). Since
the fine striations seem to serve as subunits of the coarse ones, and can
form in their absence, they are considered to be more directly related to
incremental crack advance.
2. MA-87

Striations are associated with fatigue crack growth in
MA-87 over the entire AK range studied, for both vacuum and air. In the
air environment, striations appear fairly straight and clean-edged
(Figure 8), while in vacuum, they have more of a "ripple" to their pro-
file (Figure 9). Macroscopically, the fracture surfaces in these two en-
vironments are startlingly dissimilar, as shown in Figure 10. The vacuum
surface looks much smoother, although close inspection at high magnifica-
tion shows that the surface is covereu with uniformly distributed fine

striations. Also present is a dispersion of fine particles, ranging from

irregularly shaped, -0.1 ym in size (Figure 9), to smooth and almost
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spherical, ~ 1.5 ym in diameter. Some of these larger particles are
found in clusters (Figure 11); close examination of these provides in-
formation regarding their origin, since the particles obviously exist
in various stages of evolution. In Figure 11, several smooth, flat
platelets (arrow, P) can be seen. From one of these, a spherical par-
ticle (a) has detached itself, and other, similar particles are sep-
arating at b and c.

Particles such as those described here also were ob-
served on the MA-87 air fracture surface. However, they were never
found in clusters, and usually were seen as rather widely separated,
discrete entities.

B. Correlation of Crack Extension Parameters

1. 7075-T651, Air

Parameters which may be relevant to crack extension
in 7075-T651 in air are shown in Figure 12. The "periodic" structures
described earlier are several orders of magnitude larger than the av-
erage per cycle crack extension da/dN, and increase more gradually with

da/dN. Also shown are data derived from SEM observations

aK than does
by Kirby and Beevers [8], for 7075-T651. The latter termed the peri-
odic features which they observed striations but, as was noted

earlier, SEM resolution of the small microstriations in 7075-T651 is
fairly difficult. This conclusion is supported by TEM replica obser-
vations by Wanhill [9], Broek [5], and Vogelesang [10], each of whom
studied 7C75-T6* air-environment fatigue fractography, and obtained re-

sults in agreement with the present microstriation spacings shown in

*Nith1n the present context, 7075-T6 and 7075-T651 are essentially identical.
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Figure 12. Included for comparison is the line which fits the extensive
TEM striation measurements by Broek [5].

A limited amount of relevant thin foil transmission
electron microscopy has been carried out by Wanhill [9], who published
the spacings of periodic dislocation substructure bands located just

beneath the fracture surface; these data, for aKk = 7-7.8 MNm'3/2

, are
included in Figure 12. It is evident that the dislocation band spacings
correspond quite closely to the fine-striation spacings, and at aK =

3/2

8 MNm™~/“, exceed only slightly the average crack growth rate. However,

as AK decreases, so does the margin by which the striations and, pre-

sumably, the dislocation band spacings, surpass da

/dN.

To determine the CTOD-AK relationship, the opening
displacements parallel and perpendicular to the loading axis, CODx and
CODy, respectively, were accurately measured using stereoimaging [6,7].
The total crack opening, COD, is the vector sum of the two individual
components. In this paper, the crack tip opening displacement (CTOD) is
defined as the value of COD 1 um behind the crack tip.

As shown in Figure 12, there is reasonably good agree-
ment between striation and dislocation band spacing and CTOD, but the
values do not agree with corresponding average crack growth rates. At
low stress intensities in particular, striation spacings exceed da/dN
by approximately an order of magnitude. Measurements [2] of CTOD, and
CTODy show that the Mode I component dominates, accounting for roughly

0.9 of the CTOD.
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7075-T651, Vacuum

The coarse striations behave similarly (Figure 13) to

the periodic structures characteristic of air. However, the fine stria-

tions display very little sensitivity to aK, certainly much less than
that found in air. At aK = 7-7.8 MNm'alz, there again is good agreement
between striation spacing and the underlying dislocation band spacing
established independently by Wanhill [5]. Below aK = 20 MNm'3/2, the
striation spacing exceeds the average crack growth rate by from one to
three orders of magnitude.

Crack tip opening displacement is found to be quite
sensitive to AK in vacuum, as shown in Figure 13. Moreover, unlike the
situation which prevails in air, CTOD does not correlate with striation
spacing. It was found [2] that Mode [ opening still predominates, being
roughly 80% of the total, although this represents a slightly greater
tendency to shear than that found in air.

3. MA-87, Air

For the powder metallurgy alloy, CTOD and striation
spacing in air-follow similar AK dependencies (Figure 14), as they did
for 7075-T651. However, contrary to the case for the ingot alloy, the
MA-87 curves no longer coincide, but are displaced, with the CTOD ex-
ceeding the corresponding striation spacing by « factor of about four.
Striation spacing and %ﬁ coincide at aK = 10 MNm'slz, but diverge
rapidly at Tower cyclic stress intensfties. Crack tip openings are
much large in air for MA-87 than for 7075-T651 (compare the CTOD curves
in Figures 12 and 14), and the Mode II component of CTOD is much greater,

accounting for roughly 48% of the total crack tip opening [3].
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4. MA-87, Vacuum

In vacuum, CTOD and striation spacing have a different
AK-dependency (Figure 15) than for air, behavior which is similar to that
of 7075-T651, even to the extent that CTOD is more sensitively dependent

on aK. For aK <10 MNm~3/2

, striation spacing and CTOD exceed the average
crack growth rate by several orders of magnitude, and the crack opening

mode mix is similar to that in air [3].

v. DISCUSSION

To facilitate discussion, the relationships between fractography,
substructure, crack tip opening, and crack growth rate have been drawn
to scale for each alloy and environment combination at &K =7.5 MNm'3/2,
this being the only stress intensity for which substructure data [9] are
available. The specific relevance of these parameters to the crack ex-
tension process is developed, followed by a general discussion of certain

other aspects of parametric behavior, and their implicatiuns.

A. Interpretation of Fractography

1. 7075-T651, Air

The two types of fractographic features found for 7075-

T651 in air are shown in Figure 16, in which the average crack growth rate

is compared with (a) the periodic structures, and also with (b) the fine-
striation and dislocation substructural spacings. As noted earlier,
striations are found over the entire fracture surface, including the
ledges which make up the coarse periodic structures, althouc~ the stri-
ations on the ledges are more difficult to resolve than eisewhere. The
physical reason for the formation of the periodic structures is not evi-

dent, but this detail is probably not very relevant to crack advance,
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since the overwhelming implication is that an increment of crack growth
consists of one striation, or dislocation substructure, spacing. Further,
since this spacing is twice the macroscopic crack growth rate, evidently
an average of two cycles are required to cause crack extension over a
distance of approximately one CTOD ( Figure 16c).

Earlier, Bowles and Broek [11] performed transmission
electron diffraction pattern analysis of the orientation of the fracture
plane in striated regions of 7075-T6 fatigued in air. Their study showed
that in every case, the planes were of the {110} type; it is assumed that
the same situation prevails in the present study. This being the case,
the results of the recent fatigue study of 7010-T76 in moist air by Nix
and Flower [12] should be relevant, since in this work, it was Tikewise
found that the striated fracture plane was {110}. In particular, it was
firmly established that the heavily dislocated regions constitute the
leading edges of striations, while the dislocation-free regions corre-
sponding to the trailing edges were {110}. The formation of each was
thus a two-step process, involving first plastic flow and blunting, fol-
Towed by brittle separation {110}. Here the term brittle means simply
that few dislocations remain after crack passage [12].

This description of crack advance also should be appli-
cable to 7075-T651 in air, with the exception that more than two cycles
generally are required for crack advance. For the selected stress in-

tensity, 7-8 MNm'3/2, the process apparently is, in fact, just as en-

visaged by Nix and Flower: one cycle to blunt plus one cycle to extend.

However, at lower cyclic stress intensities, for example, 4K = 5 MNm'3/2,
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the striation spacing is approximately 0.1 um, or about 5 times the corre-
sponding crack growth rate of 0.02 um. This implies that the crack blunts
for at least 4 cycles before extending. The proposed concept of inter-
mittent, rather than continuous, crack extension, is supported even more
strongly by the results of crack growth tests in vacuum.

2. 7075-T651, Vacuum

In vacuum, fine striations, with their corresponding sub-
structures, are superimposed upon coarser ones (Figure 17). Observation
of crack growth within the SEM suggests that the coarse striations may be
related to crack branching (Figure 18), or to local changes in crack di-
rection. Incremental extension, however, is observed only on a much finer
scale.

As for crack growth in air, it is apparent that the
primary elements of crack extension in vacuum are the fine striations and
their associated substructures. These striations, however, unlike those
formed in air, probably are not crystallographic. Nix and Flower [12]
could not resolve striations in vacuum for 7010-T76, but were able to
determine that the fracture surface was non-crystallographic. In the
present case, stereophotographs of the fine striations formed in vacuum
showed that they are not flat; rather, the striations are rounded in pro-
file, suggesting a non-crystallograohic process of formation.

The striation and dislocation substructure spacings
(Figure 17a) again show excellent agreement, and are equal to approxi-
mately twice the CTOD (Figure 17b). However, all three of these factors
are greatly in excess of the average macroscopic crack growth rate, the

striation/dislocation substructure spacings exceeding da/dN by a factor
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of 43. This implies that 43 cycles were required to produce 0.3 um of
crack extension, a discrete event which probably occurred on the forty-
third cycle. It was observed during dynamic cycling in the SEM that

the crack tip was usually increasingly blunt at the peak loading (Kmax)
with each successive cycle. Thus, it appears that the crack spends most
of the imposed stress cycles in blunting, with crack growth finally
taking place when the material in the immediate vicinity of the tip has
either become unstable, or has exhausted its ability to blunt. The fore-

going analysis suggests, for example, that at &K = 5 Mm~3/2

, as many as
1000 blunting cycles would be required in order to extend the crack, on
the next cycle, by 0.25 um.

3. MA-87-Air

At aK = 7.5 mNm™ /2

» the powder metallurgy material
seems to behave similarly to the ingot 7075-T651 alloy, in that the

striation spacing exceeds the average crack growth rate by a factor of

2, while CTODx is about 1.9 times the average striation spacing (Figure 19a).

On the other hand, there are no large-scale periodic structures, and the
CTOD (Figure 19b) is both larger, and has a much larger Mode I shear com-
ponent, than is the case for the ingot alloy. The MA-87 striations have a
profile similar to that characteristic of the 7075-T651 in air, suggesting
that fatigue microfracture likewise might be crystallographic on {i10}.

However, this has not been verified. Although for &K = 7.5 MNm'3/2, crack

extension again requires at least two cycles, in accord with the concept of

Nix and Flower, many cycles obviously would be required at lower stresses
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intensities. In the latter AK-range, observation of crack tips loaded in

the SEM shows that on a typical cycle, the crack tip is blunt, in accor-

dance with the multiple cycle blunting-brittle extension sequence dis-

cussed previously,

4, MA-87, Vacuum

In vacuum, the MA-87 crack tip opening displacement is
nearly identical to that found in air, but the striation spacings are
twice as large, and the macroscopic crack growth rate is lower by a fac-
tor of almost 10 (Figure 20), than the corresponding parameters in air.

At a cyclic stress intensity of 7.5 MNm~3/ 2

» 37 cycles would be required
to achieve a crack growth increment equal to one striation. Observation

of crack growth in the SEM again shows that generally, the crack tip is

blunt, and that numerous cycles of blunting precede an increment of crack
extension.

B. General Discussion

The major implication of the preceding discussion is that

fatigue crack growth is intermittent, rather than continuous. This is an

extremely important concept in terms of the analytical modeling of crack
advance, since nearly all existing models share the critical assumption |
that crack advance occurs on each cycle. The present work suggests, on
the contrary, that within the threshold-to-Paris law transition region,

the crack tip blunts, but does not extend, for many consecutive cycles.

Since blunting requires significant plastic strain at the tip, it seems ;
reasonable to suppose that crack extension corresponds to the inability

of the material at the crack tip to yield one more time without fracturing.

Several crack tip models [13-19] do require a critical crack tip strain
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for extension. However, the present results suggest that for the regime
AKThreshold < 8K 210 MNm'3/2

which account for the accumulation of damage at a temporarily stationary

, the only relevant models are those [17-19]

crack tip. These models all can be written in the form

da _ Aa

where aa is an increment of extension which the present results suggest
is equal to a striation spacing, and AN is the number of lTow cycle
fatigue cycles required to fail the material over the distance sa. The
problem of the modeler is to somehow determine the forms which aa and aN
should take. This is not the same as incorporating damage which occurs
cumulatively within material elements ahead of a steadily advancing crack
tip [13-16].

As an alternative to the proposed concept of intermittent
crack growth, one might suggest that crack growth is actually continuous,
but on too small a scale to be resolved. However, this is contrary to
the experimental evidence in several regards. First, the intermittent
crack growth process has been clearly observed (unpublished work) in the
SEM for several aluminum alloys such as 6061-T6 and IN 9052, for which the
increment of crack advance was found to be fairly large, hence readily dis-
cernible. Secondly, continuous advance would rcjuire that the brittle
second step in the crack extension process take place over many cycles.
Hence, on any such cycle when the crack is observed, the tip would be
sharp. Yet, the general SEM observation, cycle after cycle, was that the
crack tip was blunt. Finally, if crack advance does occur on a substri-

ation level, how does one account for the striation and its underlying

dislocation structure?




It is interesting to observe that most, if not all, existing

models of crack growth do not include the effect of environment. Strictly

speaking, the models are most relevant to crack growth in a vacuum. Iron-

"

ically, however, the present results indicate that the fundamental assump-

tion of more-or-less continuous crack advance is satisfied only in moist

air, and then only for aK 5 8 MMm~>/2. The "embrittiing" effect of hy-
drogen [20] in the moisture entrained in the air apparently derives from
its reduction of the critical strain for crack tip advancement [2,3], hence
the number of cycles required to achieve the condition for crack advance.

Under the above stress intensity/environmental conditions, striation

spacings and the average crack growth rate approach 1:1 correspondence.

On the other hand, since the models do not explicitly include the effect

of hydrogen, any agreement between experiment and theory seems rather
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The authors have combined the concept of intermittent crack
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advance with detailed measurements of local crack tip strains to develop
an analytical model, presented elsewhere [2,3]. The latter analysis in-
corporates into its extension criterion the concept of a number of cycles

being required to achieve the condition for an increment of crack advance.

ey mar . Y
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The model will not be developed here, but certain additional factors de-

2

rived from the present work are relevant to the modeling effort, and will

o roaale ot = STV, R A

be discussed briefly.
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For unfaxial tensile loading, it is assumed that the crack H

tip opens in Mode I; an analysis by Broek for this situation yields [21]

cTOD = 4(1+v)(§el-) /72w sin § [2-2v-cos? §] (2) s




where Ky is the Mode I stress intensity factor, E is Young's modulus, v
is Poisson's ratio, 8 is the angle between the crack plane and the point
being analyzed with the crack tip as the vertex, and r is the distance to
the point being analyzed. For the loading conditions used in our experi-
ments, K; = Kpax, ® = 7, and r = 1 um; using the appropriate values for

E and v, the theoretical opening mode CTOD for aK = 7.5 MNm~>/2

turns
out to be 0.29 um for both materials.

As shown in Table II, this prediction is fairly realistic for
7075-T651, with CTOD."*°"Y somewhat exceeding CTODE*P for both air and
vacuum. Since the Mode II crack opening component is relatively small
(Figure 16¢c), Equation (2) is also a fairly good representation of the
total crack tip opening displacement CTODEXD. The agreement between the
theoretical and experimental crack tip opening displacements is not sur-
prising, considering the basis for the calculation, and the actual de-
formation conditions at the crack tip. In deriving Equation (1), it was
assumed that crack tip plasticity makes a negligible contribution to
crack opening, so that the predicted displacement is based on elastic
response. This is not a bad approximation to experimental findings at
Tow 4K; strain measurements reported elsewhere [2] indicate that for
7075-T651 in both air and vacuum, the maximum crack tip shear strain at

-3/2

AK = 7.5 MNm is only .02-.04.

On the other hand, maximum shear strains at the tips of MA-87
cracks in air and vacuum reach nearly 0.2 at aK = 7.5 MNm'3/2[3] and, as
noted earlier (Figures 16b and 20b), the cracks open in mixed Modes I

and II, with a very large Mode II component.

This apparently destroys the




TABLE II

CRACK TIP OPENING 1 um FROM CRACK TIP, ‘
AK = 7.5 MNm-3/2 i

Material Environment CTODxExp( k CTOD;;e?g CTODExp(ﬁ)
7075-Té Air 0.238 0.29 0.25 |
7075-T6 Vacuum 0.17 0.29 0.2 :
MA-87 Air 0.47 0.29 0.9 :
MA-87 Vacuum 0.54 0.29 0.9 |
+ (‘.TODXExp = the measured value of CTOD in the loading direction. ‘
++ CTODE’(p = the combined x and y CTOD measurements.




validity of the Mode I CTOD correlations, and the relatively large-scale

crack tip plasticity invalidates the linear elastic approximation im-
Exp in

plicit in Equation (2). Thus, CTODTheory underestimates CTODx
MA-87 by about a factor of 3 (Table II).

The magnitude of the CTOD may be important, because of its use
in models to predict crack advance. For example, several recent micro-
mechanical models [2,3,18] are based on the premise that an increment of

crack extension is proportional to CTOD, i.e., that

Aa = aCTOD (3)

where a is an alloy- and environment-sensitive, but AK-insensitive, con-

stant. The validity of this concept can be investigated as follows.

The preceding fractographic analysis, as well as direct ob-

servation, suggest that crack growth is intermittent, and that when the

crack extends, it creates a striation; thus, aa = striation spacing, and

a = str1atéonosoac1ng (4)

Since both striation spacing and CTOD are known as functions of aK
(Figures 12-15), these relationships can be used in Equation (4) to

determine a(AK). Results of this calculation for the two alloys are

shown in Figure 21. It is evident that in air, a is independent of aK,
and is equal to .65 and .26 for 7075-T6 and MA-87, respectively. How-

ever, in vacuum, a is inversely proportional to aK, with an average

3/2

value, for 6 MNm~ < AK T10 MNm'3/2. of ~1.5 for 7G75-T6, and .55 for




MA-87. It is not known why this difference between air and vacuum en-
vironments exists. However, it should be noted that values of a in ex-
cess of unity do not mean that the crack is actually extending an espe- }
cially large distance. This regime, for 7075-T6 at aK 9 MNm™>/2,
corresponds to such very small crack tip opening displacements that, des-
pite the relatively large values of a, the crack growth increments (stri-
ation spacings) are correspondingly small.

It should be emphasized that Equation (3) is only an hypothesis.
The true physical determinant of the crack extension distance may well be
related to the development of a region of material instability just ahead

of the crack tip, or to the dimensions of a critically strained region at

the crack tip. Exactly how the crack lengthens is still not known. Con-

tinued efforts to measure crack tip parameters, and to characterize near

of the crack advance mechanism. H
Finally, it is interesting to briefly consider the unusual
behavior of MA-87 crack tips in vacuum. The fracture surfaces, although

striated, exhibit evidence of extensive Mode II motion, especially in

PRy e
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terms of the spherical particles. To the knowledge of the authors,

these have previously been observed only in situations involving either

fretting fatigue [22], rolling contact wear [23], or pure Mode II fatigue

crack growth [24]. It is interesting that the spheres were not observed j
in air to the same extent that they were in vacuum. Since the crack tip P !
opening in air also possesses a large Mode II component, it appears that
continuous oxidation may alter the mechanism of sphere formation. Speci-

fically, it may impede the formation of the sphere nuclei, the smooth,

l crack tip material behavior,may lead to a more fundamental understanding
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flat platelets labeled (P) in Figure 11. These flakes resemble micro-

scopic Beilby layers, mirror-like regions which have been cold worked in
the extreme, thereby becoming almost amorphous, while still retaining the
chemical composition of the parent material. Such layers have been ‘iden-
tified [24] as the nuclei of spherical wear debris in both fretting fa-
tigue and rolling contact. In air, smaller particles are generated on
the crack surface, and are even pushed out of the crack by Mode III
motion [26]. Although intrinsically interesting, it is not evident

that these processes are major factors in controlling macroscopic crack
growth rate, since the air versus vacuum crack growth rate differential
for MA-87 is roughly the same as that for 7075-T651, which does not de-

velop wear particles.

VI.  CONCLUSIONS
The preceding results and interpretation support the following con-
clusions regarding fatigue crack growth in 7075-T651 and MA-87 aluminum

alloys:

1. Fatigue crack growth is intermittent.

2. cfack growth proceeds by a process of repetitive
crack tip deformation and blunting, culminating in
an increment of crack extension requiring very
little additional deformation. .

3. A striation corresponds to a single increment of

fatigue crack growth.
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More crack tip loading cycles are required for incre-
mental crack extension in vacuum than in air, and

more are required at lower than higher cyclic stress
intensities.

An increment of crack extension is equal to from 0.25
to 1.5 times the CTOD 1 um behind the crack tip.

The effect of air is to reduce the plasticity required
for an increment of crack extension.

Cracks loaded remotely in Mode I actually open in mixed
Modes I and II, and for MA-87, the Mode II component
predominates in both air and vacuum.

If the Mode II crack opening component is sufficiently

large, fracture face rubbing can be so extensive as to

produce spherical wear debris, particularly in vacuum.
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Figure 1. Periodic structures in 7075-T651 at AK = 10 MNm~
in air. Note that structures extend to specimen
edge at right.
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Striations in 7075-T651 at AK = 7 MNm~>/2 in air.
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Figure 5.

"Coarse" striations in 7075-T651 at
AK = 8 MNm-3/2 in vacuum.
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Figure 6. Fine striations superimposed on coarse striations
in 7075-T651 at AK = 14 MNm-3/2 in vacuum.
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I Figure 7.

Coarse and fine striations in 7075-T651
at AK = 12 MNm-3/2 in vacuum.
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Striations

in MA-87 at AK ® 10 MNm

3/2

in air.
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‘ Figure 9. Striations in MA-87 at AK ® 6.5 MNm'?'/2 in vacuum.
3 . Note distribution of small particles on surface. !
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Figure 10. Air to vacuum transition in MA-87
at AK = 4 MNm-3/2,
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Figure 11.

Spherical particles on MA-87 fracture surface at
AK = 7 MNm-3/2 in vacuum. "P" indicates smooth,
fiat platelets, "a" denotes a particle which has
detached from a platelet, and "b" and “c" repre-
sent particles in the process of forming.
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Figure 12. Crack Tip Parameters Versus
&K for 7075-T651 in air.
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Crack Tip Parameters Versus
AK for 7075-T651 in vacuum.
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AK for MA-87 in vacuum.
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Figure 16. Scaled cross-sectional view of fractographic features
for 7075-T651 at aK = 7.5 MNm=3/2 in air.
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Figure 17. Scaled cross-sectional view of fractographic features
for 7075-T651 at 4K = 7.5 MNm=3/2 in vacuum.
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Figure 18. Side view of 7075-T651 crack tip at maximum load,
AK = 11 MNm=3/2, in vacuum. Cusps (arrows) in
the crack profile correspond to the "coarse" stri-
ation spacing.
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Figure 19. Scaled cross-sectional view of fractographic features
for MA 87 at AK = 7.5 MNm=3/2 in air.
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Figure 20. Scaled cross-sectional view of fractographic features
for MA 87 at AK = 7.5 MNm=3/2 in vacuum.
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INTRODUCTION

A crack opens in response to the load applied to the body containing

7

it. The magnitude of the opening depends on the geometric relationship : ;
between the body and the crack, the applied load, and the distance from the

tip at which the opening is measured. In fatigue, crack tip opening magni-

tude is thought to be related to the increment of growth; thus, attempts

have been made to (1) measure crack tip opening displacement (CTOD), and

(2) compute its magnitude. Previously, successful measurements have been §
made only at higher values of cyclic stress intensity factor (AK), where
crack growth rates are 0.1 to 1 mm/cycle, because of limited resolution of

measurement techniques.(1) This paper reports on direct measurements of

crack opening displacements which have been made to within 1 um of the crack
tip of fatigue cracks growing in aluminum alloys in the near-threshold

region of cyclic stress intensity factor (AK). Crack opening in moist and

L —r—— e %

dry environments was measured both parallel (Mode I) and perpendicular

(Mode II) to the loading axis.

- .. wm-

MATERIALS AND EXPERIMENTAL METHODS

The measurements reported in this paper were part of a much larger

effort to study and quantify fatigue crack growth in 7075-T651, manufactured

by conventional ingot metallurgical practice, and in MA-87 (now designated

X7091), which was manufactured by powder metallurgy techniques. Both

materials were obtained from Alcoa; the MA-87 was part of an experimental

heat and was obtained directly from Alcoa Research Laboratory, the
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7075-T651 was obtained commercially. More information on the manufacturing
technology and metallurgical characterization of these materials may be

(2,3) Like~

found in our results of fatigue crack growth in these alloys.

wise, a detailed account of the experimental techniques and procedures may

be found in those references; thus, they will only be summarized here.
Fatigue cracks were grown in a single-edge notched specimen with a

21 mm by 3 mm thick gage section in either 1 MPa (10'5 torr) vacuum or very

R

dry nitrogen (less than 5 ppm water vapcr) and in moist laboratory air, at
1 to 5 Hz. Pin Toading of the specimen was used to minimize any effects of
grip or fatigue machine misalignment and to assure pure Mode I loading.
Specimens were then transferred to a cyclic loading stage which operates
within the scanning electron microscopef4) and photographed at both maximum
and minimum load. Displacements were then measured using the stereoimaging
technique.(s) The accuracy of these measurements has been estimated at

+ 0.044 mm.(s) For AK 2 8 MN/m3/2, photographs were taken at 1000X, and

for aK < 8 MN/m3/2 photographs were made at 2000X; therefore, the expected
3/2
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accuracy of the measured displacements is + 0.044 um for AK 2 8 MN/m

and + 0.022 um for &K < 8 MN/m>/2,

RESULTS

Measurements in both the direction of the loading axis (x) and
perpendicular to it (y) are required because in all cases, crack opening
was observed along both axes. Figures 1 through 4 display the results
on linear axes in terms of COD, and CODy. for both environments. Although

no measurements exist closer to the crack tip than are shown, it is assumed

that CODx = 0 at y = 0; however, this is not necessarily true for CODy.
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The trends exhibited by the data may be generalized as follows:

1) For 7075-T651, CODx and CODy both approach
Zero as the crack tip is approached. At
-y = 31nn,CODy (Mode II opening) is 20 to
60% of COD, (Mode I).

2) For MA-87, COD, (Mode I) is zero at the
crack tip, but not COD‘y (Mode II), which
begins to exceed the magnitude of Mode I
at 3 to 6 um behind the crack tip. Dis-
placements of similar magnitude in the
y-direction extend well into the plastic

Zone ahead of the crack tip.

If CODx and CODy are combined as

2 2,1/2
coD = (CODx + C0D ") (1)
Y
then these same data for both alloys give the following relation(2'3)
€00 = Cy-y|” (2)
(2,3)

Values of Co and p have been derived and tabulated for both alloys.
Figure 5 correlates p with AK; even though considerable scatter exists,

general trends in these data are given by

P =P, + VAKype (3)

a




A‘
]

The factor C° correlates with AK(2’3)
= q
Cy = Cogee (4)
Table I tabulates values of the constants in Eqs. (3) and (4) which

have been determined by the method of least-squares minimization. %

TABLE I
Constants for Egs. (3) and (4)

_____7075-T651 MA-87
Dry/Vac Wet Air Vac Wet Air
Byyy (MN/m72) 0 0 3.5 1.7
P 0.994 0.364 0.362 0.037
v -4.9x1072  +3.36x10°2  -9.4x10"3  2.71x1072
c 1.4x10710 ax10~9 2.6x10"7 3.8x10”/
q 3.6 1.4 0.94 0.476

Although 1oading was macroscopically in pure Mode [, microscopic

deviation of the crack path from a direction perpendicular to the loading

direction might cause a significant magnitude of Mode II opening. Accordingly,
the deviation of the crack path was measured for all the cases analyzed, and

was found to average 25° for both alloys. Since there is no difference be-

tween the degree of deviation between the two alloys, it is not reasonable

to attribute the large difference in degree of Mode II to this factor.
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DISCUSSION

The large component of Mode II opening (CODy) evident from these
results is surprising, in that there is no theoretical continuum mechanics
treatment which predicts this phenomenon. This suggests that the presence
of Mode II crack opening is due to the influence of metallurgical factors
on crack opening. If this concept is correct, it is possible to rationalize
crack opening differences between these two microstructurally dissimilar
aluminum alloys. There are two principal differences: (1) for 7075-T651
CODy approaches zero at the crack tip, while for MA-87, CODy remains ap-
proximately constant along the crack flank, so that at the crack tip there
is still a large component of Mode II; (2) the magnitude of crack opening
for MA-87 exceeds that for 7075-T651, at distances greater than 2 um from
the crack tip. How microstructure might cause such differences is not
clear. The macroscopic yield stress and work hardening characteristics
of both materials are similar, even though the grain size of MA-87 is
5-10 um, as compared to 100-200 um for 7075-T651. The principal difference
in the alloys is in the composition, size, and distribution of the dis-
persoids, and since dispersoids affect slip, the alloys may have different
slip characteristics, which could contribute to the differences in opening
mode magnitude and mix in a not yet understood way. Differences in texture
between the two materials may also be important.

The measurements presented here are the only known crack opening
values which have been made for both Modes I and II, and the only data

known closer than 200 um to the crack tip. Thus, comparison with other

experiments is not possible.




The theoretical and numerical treatment by Dean and Hutchinson(7)
for cracks in a work hardening material should provide results comparable
with the present measurements. By choosing a work hardening coefficient
of N = 10 (their notation), the cyclic hardening characteristics of these
aluminum alloys are approximated. The comparable COD values thus computed

3/2

are shown on Figures 1-3 for AK = 6, 8 and 10 MN/m The comparison

with measured results is good for AK = 6 MN/m3/2, for both alloys, but

not nearly so good for AK = 8 and 10 MN/m3/2. The reasons for the degree
of agreement are not apparent. Analysis of the crack flank opening slope,
the coefficient p in Eq. (2), may provide one clue, in that a value of
p = 0.74 is predicted from the analysis of Dean and Hutchinson, and only
at lower AK does this agree with measured values. However, this line of
reasoning would lead to the expectation of better agreement at AK =
8 MN/m>/2 than was achieved.

The effect of environment on the two materials is similar: The g
Mode I opening (CODX) is larger in the dry environment than for wet air.
This trend is most apparent for MA-87. Also, CTOD is larger for MA-87
than for 7075-T651, at the same AK. Another similarity is the effect of
environment on p, the coefficient in Eq. (2). In both cases, p increases
as &K increases in wet air, which is opposite of the effect in the dry
environment. For 7075-T651, this means that the slope of the crack opening
approaches that of an elastic crack (p = 0.5) at low AK in wet air, while {

for MA-87 p is less than half the elastic value, a curious result. The
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lowering of COD and p by the wet air environment are manifestations
of the embrittiing effect of water vapor on the near crack tip material for

(2,3)

these alloys, and agrees with crack tip strain measurements and frac-

tography.(a)

Measurement of CODx at distances greater than 200 ym from the crack
tip indicates that p should approach 0.5, the value for an elastic crack,
and the data in Figures 1-4 indicate that the CODy has decreased to a small
value, or has stopped increasing, so that at large distances behind the
crack tip, the magnitude of the Mode II opening is a negligible fraction
of the COD. Therefore, continuum mechanics describes this portion of the
crack adequately.

What the presence of a Mode II component means to fatigue crack
growth is not entirely clear, but there are two effects which are imme-
diately apparent:

1) Mode II component of opening at the crack tip
increases the magnitude of the shear strain in
the material immediately ahead of the tip, and
since crystalline solids fail largely in shear,
Mode II enhances the failure of the material
at the crack tip.
2) A Mode II component results in rubbing between
the two fracture surfaces.
The magnitude of shear strain at the crack tip has been measured for MA-87(3)
and found to be larger than for 7075-T651,(2) which agrees with (1). Frac-

ture surface rubbing is apparent in the fractography of MA-87,(9) where

[
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there is considerable evidence of wear and fretting. The heat treatment
of this material corresponds to an overaged (T7) condition, which is known
to readily form thick oxides on the fracture surface, relative to the
peak-aged (-T6) condition.(1°) The Mode II component of opening causes

s0 much rubbing that the growth of cracks in air results in debris being
extruded out of the crack, Figure 6. This sliding and increased debris

formation probably acts to wedge the crack somewhat, and decreases the

crack growth rate by decreasing the range of strain at the crack tip.
Lower crack tip strains have, in fact, been measured for MA-87 in air as

(3)

compared to vacuum.

CONCLUSIONS

Crack opening has been measured and found to be a combination of

both Mode I and Mode II for the aluminum alloys 7075-T651 and MA-87.

2. The relative magnitudes of opening mode are dependent upon both
material and environment, with MA-87 exhibiting the largest amount g
of Mode II at the crack tip.

3. Mode I opening is larger for both alloys in the dry environment

-

than for wet air, and neither are in agreement with analytical

results. :
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Figure 1. Crack opening measurements for AK = 6 and 7 MN/mal 2 '{h’
computed crack opening, CODx, from Dean and Hutchinson
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. fatigue cracks grown in water vapor and very dry or vacuum environments in
E ingot formed 7075-T651 and powder metallurgy formed MA-87 (now X7091).
S Detailed analysis of the effect of environment on the crack tip parameters
A in each alloy has been performed. Dynamic observations of crack growth .
r~ and an extensive fractographic study have been made. Models are presented i
which utilize the data derived from both static and dynamic analysis. i
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This report is in the form of four manuscripts which have been
submitted to various journals for publication:

1. The Effect of Water Vapor on Fatigue Crack Tip L.
Mechanics in 7075-T651 Aluminum Alloy

2. Fatigue Crack Tip Mechanics of a Powder Metallurgy
Aluminum Alloy in Vacuum and Humid Air

3. Fatigue Crack Micromechanisms in Ingot and Powder
Metallurgy 7XXX Aluminum Alloys in Air and Vacuum

4, Mixed Mode Crack Opening in Fatigue
Data in the manuscripts are supplemented by appendices. " 1
Water vapor is found to have a considerable effect on crack tip C

parameters and on fractographic features for both alloys. Crack opening
displacement is found to be mixed mode, with the magnitude being sensitive - ‘

to both alloy and environment.
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